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PCardiac Imaging
mproved Detection of Coronary
rtery Disease by Stress Perfusion
ardiovascular Magnetic Resonance With
he Use of Delayed Enhancement Infarction Imaging
gor Klem, MD,*† John F. Heitner, MD,* Dipan J. Shah, MD,* Michael H. Sketch, JR, MD,*
ictor Behar, MD,* Jonathan Weinsaft, MD,* Peter Cawley, MD,* Michele Parker, RN, MS,*
ichael Elliott, MD,* Robert M. Judd, PHD,* Raymond J. Kim, MD*
urham, North Carolina; and Stuttgart, Germany
OBJECTIVES We tested a pre-defined visual interpretation algorithm that combines cardiovascular magnetic
resonance (CMR) data from perfusion and infarction imaging for the diagnosis of coronary
artery disease (CAD).
BACKGROUND Cardiovascular magnetic resonance can assess both myocardial perfusion and infarction with
independent techniques in a single session.
METHODS We prospectively enrolled 100 consecutive patients with suspected CAD scheduled for X-ray
coronary angiography. Patients had comprehensive clinical evaluation, including Rose angina
questionnaire, 12-lead electrocardiography, C-reactive protein, and calculation of Framing-
ham risk. Cardiovascular magnetic resonance included cine, adenosine-stress and rest
perfusion-CMR, and delayed enhancement-CMR (DE-CMR) for infarction imaging.
Matched stress-rest perfusion defects in the absence of infarction by DE-CMR were
considered artifactual. All patients underwent X-ray angiography within 24 h of CMR.
RESULTS Ninety-two patients had complete CMR examinations. Significant CAD (70% stenosis)
was found in 37 patients (40%). The combination of perfusion and DE-CMR had a
sensitivity, specificity, and accuracy of 89%, 87%, and 88%, respectively, for CAD diagnosis,
compared with 84%, 58%, and 68%, respectively, for perfusion-CMR alone. The combina-
tion had higher specificity and accuracy (p  0.0001), owing to incorporating the
exceptionally high specificity (98%) of DE-CMR. Receiver operating characteristic curve
analysis demonstrated the combination provided better performance than cine, perfusion, or
DE-CMR alone. The accuracy was high in single-vessel and multivessel disease and
independent of CAD location. Multivariable analysis including standard clinical parameters
demonstrated the combination was the strongest independent CAD predictor.
CONCLUSIONS A combined perfusion and infarction CMR examination with a visual interpretation
algorithm can accurately diagnose CAD in the clinical setting. The combination is superior
to perfusion-CMR alone. (J Am Coll Cardiol 2006;47:1630–8) © 2006 by the American
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.10.074College of Cardiology Foundation
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hlthough contemporary stress testing modalities are estab-
ished methods for the diagnosis of coronary artery disease
CAD), the diagnostic performance of these tests is limited,
ven with the addition of myocardial imaging. For instance,
he diagnostic accuracy of myocardial perfusion imaging with
ingle-photon emission computed tomography (SPECT)
See page 1639
ight be as low as 65% to 70%, once the effect of referral
ias has been taken into account (1,2). Given that over 10
illion stress imaging studies are performed each year in
From the *Duke Cardiovascular Magnetic Resonance Center, Durham, North
arolina; and the †Robert-Bosch-Krankenhaus, Stuttgart, Germany. This work was
upported in part by Grants R01-HL64726 (Dr. Kim), R01-HL63268 (Dr. Judd),
nd K02-HL04394 (Dr. Judd).i
Manuscript received May 30, 2005; revised manuscript received October 26, 2005,
ccepted October 31, 2005.he U.S. alone (3,4), an accurate noninvasive method of
iagnosing obstructive CAD is of great importance to
ealthcare.
Cardiovascular magnetic resonance (CMR) can assess
yocardial perfusion in a manner analogous to SPECT but
ith improved spatial resolution. Preliminary studies have
hown promising results (5–9); however, there are still
roblems regarding image artifacts that can reduce specific-
ty (8,9). Additionally, there are few data concerning the
tility of perfusion-CMR for routine clinical practice, be-
ause most studies tested a time-consuming quantitative
pproach requiring extensive post-processing (5–8). In this
ontext, it is noteworthy that a separate CMR technique—
elayed enhancement-cardiovascular magnetic resonance
maging (DE-CMR)—is highly accurate for the diagnosis
f myocardial infarction (MI) (10,11). Accordingly, we
ypothesized that the addition of DE-CMR (scan time isncreased only 5 to 10 min) to the stress-rest perfusion
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April 18, 2006:1630–8 Detection of Coronary Disease by Stress CMRxamination would help distinguish true perfusion defects
rom artifact and improve test reliability to the point that
apid visual interpretation could be performed with high
ccuracy.
In this study, we devised an interpretation algorithm that
ncorporates information from DE-CMR and perfusion-
MR in a proscribed manner for the diagnosis of obstruc-
ive CAD. We prospectively evaluated this algorithm by
omparing the results to that of invasive X-ray angiography.
o provide the best estimates of sensitivity and specificity,
e studied a population with intermediate probability of
AD and with reduced pretest and post-test referral bias
12,13). Additionally, enrolled patients had comprehensive
linical evaluation including Rose chest pain questionnaire
14), 12-lead electrocardiography, blood tests for lipids and
igh-sensitivity C-reactive protein (hsCRP), and calculation of
ramingham risk score (15) to provide context regarding the
dditional clinical value of the CMR examination.
ETHODS
nterpretation algorithm. The algorithm is on the basis of
wo principles. First, with perfusion-CMR and DE-CMR,
e have independent methods to obtain information re-
arding the presence or absence of MI. Thus, one method
ould be used to confirm the results of the other. Second,
E-CMR image quality (e.g., signal-to-noise ratio) is far
etter than perfusion-CMR because it is less demanding in
erms of scanner hardware (DE-CMR images can be built
p over several seconds rather than in 0.1 s as is required for
rst-pass perfusion) (16). Thus, DE-CMR should be more
ccurate for the diagnosis of MI (16). Conceptually, it then
ollows that perfusion defects that have similar intensity and
xtent during both stress and rest (“matched defect”) but do
ot have infarction on DE-CMR are artifactual and should
ot be considered positive for CAD. Conversely, the pres-
nce of infarction on DE-CMR favors the diagnosis of
AD even if the results of perfusion imaging are equivocal.
he algorithm is displayed in Figure 1.
opulation. Consecutive patients with suspected CAD
eferred to Duke Medical Center for elective coronary
Abbreviations and Acronyms
CAD  coronary artery disease
CMR  cardiovascular magnetic resonance imaging
DE-CMR  delayed enhancement-cardiovascular
magnetic resonance imaging
hsCRP  high-sensitivity C-reactive protein
LAD  left anterior descending coronary artery
LCx  left circumflex coronary artery
LV  left ventricle/ventricular
MI  myocardial infarction
RCA  right coronary artery
ROC  receiver operating characteristic
SPECT  single-photon emission computed
tomographyngiography were screened for study enrollment 3 days/ Deek starting January 2003 and ending January 2004.
atients were contacted the day before scheduled angiogra-
hy, and the first patient meeting study criteria who agreed
o participate was recruited. To study the most relevant
atient population and to reduce pretest referral or “spec-
rum” bias (12,13,17), we excluded all patients with known
AD, including those with prior MI or revascularization
rocedures. The only other exclusion criteria were contra-
ndications to MRI (e.g., pacemaker) or adenosine (e.g.,
igh-grade atrioventricular block). Written informed con-
ent was obtained from all 100 enrolled patients. To avoid
ost-test referral bias (2,12,13,17), all patients underwent
-ray angiography within 24 h of CMR.
rotocol. On the CMR procedure day, a complete medical
istory including responses to a Rose chest pain question-
aire (14) was obtained. Blood samples were drawn after
n overnight fast for glucose, lipid profile, and hsCRP.
-reactive protein levels were measured with a rate immuno-
ephelometric assay (Dade/Behring BNII, Dade/Behring,
igure 1. Interpretation algorithm for the diagnosis of coronary artery
isease (CAD). (a) Positive delayed enhancement-cardiovascular magnetic
esonance (DE-CMR) study: hyperenhanced myocardium consistent with
prior myocardial infarction (MI) is detected. Does not include isolated
idwall or epicardial hyperenhancement, which can occur in nonischemic
isorders (21,22). (b) Standard negative stress study: no evidence of prior
I or inducible perfusion defects. (c) Standard positive stress study: no
vidence of prior MI, but perfusion defects are present with adenosine that are
bsent or reduced at rest. (d) Artifactual perfusion defect: matched stress and
est perfusion defects without evidence of prior MI on DE-CMR.eerfield, Illinois). Coronary artery disease risk factors were
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Detection of Coronary Disease by Stress CMR April 18, 2006:1630–8efined with Framingham heart study definitions (15) and
he risk for CAD was calculated with the Framingham
rediction algorithm (15); 12-lead electrocardiography was
erformed and scored for Q waves and bundle-branch block
ith Minnesota codes (18).
The CMR procedure consisted of four protocols that
ere performed in the following order: 1) cine imaging
t rest for assessment of left ventricular (LV) function;
) adenosine gadolinium first-pass imaging for assessment
f stress perfusion; 3) repeated first-pass imaging without
denosine 15 min later for assessment of rest perfusion; and
) DE-CMR for assessment of MI. Typically, the proce-
ure was completed in 45 min.
MR. TECHNIQUES. A 1.5-T scanner (Siemens Sonata,
iemens, Malvern, Pennsylvania) with a phased-array re-
eiver coil was used. Steady-state free-precession cine im-
ges were acquired in multiple short-axis (every centimeter
hroughout the LV) and three long-axis views. Typical
arameters were: repetition time, 3.0 ms; echo time, 1.5 ms;
ip angle, 60°; temporal resolution, 35 ms; voxel size, 1.7 
.4  6 mm. After cine imaging, the patient table was
artially pulled outside the scanner bore to allow direct
bservation of the patient and full access. Adenosine (140
g·kg1·min1) was infused under continuous electrocar-
iography and blood pressure monitoring for 2 min. The
erfusion sequence was then applied, which automatically
entered the patient back into the scanner and commenced
maging. Gadolinium contrast (0.065 mmol/kg gadoverset-
mide, Mallinckrodt, St. Louis, Missouri) followed by a
aline flush (50 ml) was infused (3.5 ml/s) via an antecubital
ein. On the console, the perfusion images were observed as
hey were acquired, with breath-holding starting from the
ppearance of contrast in the right ventricular cavity. Once
he gadolinium bolus had transited the LV myocardium,
denosine was stopped and imaging completed 10 to 15 s
ater. Typically, the total imaging time was 40 to 50 s. Four
o five short-axis slices (excluding most basal and apical
lices) were obtained per heartbeat with a saturation-
ecovery, gradient-echo sequence (90° prepulse before each
lice; echo time, 1.1 ms; delay time, 85 to 100 ms; temporal
esolution, 110 to 125 ms; voxel size, 3.1  1.8-to-2.5  8
m). The gap between images was set to 2 mm to have the
xact same slice locations (center and plane) as cine-CMR.
o speed imaging, either four k-space lines were acquired
er excitation (echo-planar hybrid) or, in the last 15
atients, parallel imaging (19) with two-fold acceleration
as employed. Five minutes after rest perfusion (additional
.065 mmol/kg gadoversetamide), DE-CMR was per-
ormed with a segmented inversion-recovery technique
10,11) in the identical views as cine-CMR. Inversion delay
imes were typically 280 to 360 ms.
NALYSIS. The scans were placed in random order and
nalyzed by the consensus of two observers who were
asked to patient identity, clinical information, and thengiography results. To reduce the potential for observer cias, scans from 60 patients not enrolled in the study were
ncluded in the randomization. The individual CMR pro-
ocols and combinations were scored independently by rapid
isual assessment on separate days as follows: cine alone,
erfusion alone, DE-CMR alone, perfusion with DE-
MR (using the interpretation algorithm), cine with per-
usion, and cine with the interpretation algorithm. For the
ombinations, the scoring algorithm was either explicit (i.e.,
nterpretation algorithm) or, for those with cine-CMR, the
bservers were told to consider the cine findings when the
erfusion results were equivocal.
Regional parameters were assessed with a 17-segment
odel (20). Hyperenhanced regions on DE-CMR were
ssumed to represent myocardial infarction (11) unless
solated midwall or subepicardial hyperenhancement was
ound. These latter patterns are found in nonischemic rather
han ischemic disorders (21,22). For perfusion-CMR, stress
nd rest images were read side-by-side, and each of 16
egments (segment-17 at apex was not visualized) were
cored with a four-point scale: 0, normal; 1, probably
ormal; 2, probably abnormal; 3, definitely abnormal. This
coring system was chosen to allow dichotomization of
esults into normal (1) and abnormal (2) and at the
ame time provide a range of scores for receiver operating
haracteristic (ROC) curve analysis. Because the two ob-
ervers were not independent, inter-observer variability was
ot tested; however, only 8% of perfusion-CMR studies
equired a third reader to resolve disagreements.
oronary angiography and analysis by coronary artery
erritory. X-ray coronary angiography was performed by
tandard techniques and interpreted masked to identity,
linical information, and the CMR results by the consensus
f two experienced cardiologists. Luminal narrowing was
stimated visually. In cases of disagreement, quantitative anal-
sis was performed. Significant CAD was defined as 70%
arrowing of the luminal diameter of at least one major
picardial artery or 50% narrowing of the left main (23).
To test the accuracy of the interpretation algorithm for
ndividual coronary lesions, the readers also evaluated for
ach segment of the 17-segment model, the artery (i.e., left
nterior descending coronary artery [LAD], right coronary
rtery [RCA], left circumflex coronary artery [LCx]) per-
using that segment, and the maximum level of stenosis.
he algorithm was then applied on a segmental basis and
eemed to be correct if the algorithm detected CAD in
ne or more of the segments perfused by a stenotic artery
true positive) or if the algorithm detected no CAD in all
f the segments perfused by a non-stenotic artery (true
egative). Segment-17 at the apex was interpreted as “nor-
al” perfusion for the purposes of segmental analysis.
tatistical analysis. Continuous data were expressed as
ean  SD. Comparisons were made with two sample t
ests for continuous data and chi-square tests for discrete.
isher exact test was used when the assumptions of the
hi-square test were not met. McNemar’s test was used to
ompare the diagnostic accuracy of techniques; pairwise
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ariate logistic regression analysis was performed to assess
he relation between predictor variables (Table 1) and the
resence of CAD. Stepwise logistic regression analysis was
hen used to identify multivariable models. Receiver oper-
ting characteristic curve analyses were performed to com-
are the diagnostic performance of techniques (24). Statis-
ical tests were two-tailed; p  0.05 was considered
ignificant.
ESULTS
tudy population. Cardiovascular magnetic resonance im-
ging stress-testing was completed in 92 of the 100 enrolled
atients. In three, imaging could not be performed or
Table 1. Baseline Characteristics
Characteristic
Entire Grou
(n  92)
Age (yrs) 58.0  11.5
Male gender 45 (49%)
CAD risk factors
Diabetes 21 (23%)
Hypertension 59 (64%)
Cigarette smoker 36 (39%)
Hypercholesterolemia 50 (54%)
Family history of CAD 47 (52%)
Number of risk factors 2.3  1.1
Rose chest pain questionnaire
typical angina 31 (34%)
Medications
Statins 35 (38%)
Beta-blockers 30 (33%)
Aspirin 51 (55%)
ACE inhibitors 40 (43%)
Blood tests†
Fasting glucose (mg/dl) 99.2  15.0
Lipids
Total cholesterol (mg/dl) 197.0  43.7
LDL (mg/dl) 116.6  38.3
HDL (mg/dl) 50.3  14.7
Triglycerides (mg/dl) 151.5  104.
hs-CRP (mg/l)
Including levels 10 mg/l 4.87  5.50
Only levels 10 mg/l 3.08  2.41
Framingham risk score (%)‡ 13.1  10.4
Indication for angiography
Positive stress nuclear study 44 (48%)
Positive stress echo study 19 (21%)
Positive treadmill ECG study 7 (8%)
Clinical symptoms 22 (24%)
12-lead ECG
Q-wave 4 (4%)
RBBB# 4 (4%)
LBBB** 2 (2%)
*CAD defined by X-ray coronary angiography (see text). †B
resonance imaging (CMR) in 61 patients for fasting glucose
for hs-CRP. ‡Framingham risk score calculated in 86 patie
p value pertains to the comparison between the CAD and No
for coronary angiography. Minnesota codes 1-1-1 to 1-2-7. ¶
**Minnesota codes 7-1-1 and 7-1-2. Bold indicates significa
ACE  angiotensin-converting-enzyme; CAD  coronar
lipoprotein; hs-CRP  high-sensitivity C-reactive protein; L
RBBB  right bundle branch block.ompleted because of CMR-related issues: one did not fit in phe scanner (body habitus); in one, the scanner electrocar-
iogram cable malfunctioned; and in one, a scanner software
pgrade that morning prohibited opening the protocol. In
ve, imaging was omitted because of non–CMR-related
ssues: one had caffeine that morning; one withdrew con-
ent; in one, intravenous access could not be obtained; in
ne, the contrast injection pump failed; and in one, there
as severe adenosine-induced dyspnea, which led to early
ermination of the protocol. The patient with dyspnea,
hich quickly resolved after stopping adenosine, had the
nly adverse event during stress-testing. The infusion du-
ation for adenosine was 2.9  0.4 min. The heart-rate was
1  13 beats/min at baseline and 93  19 beats/min at
eak stress. Of the 92 patients that completed imaging, 1
CAD*
(n  37)
No CAD
(n  55) p
59.7  11.9 56.9  11.3 0.26
24 (65%) 21 (38%) 0.01
10 (27%) 11 (20%) 0.43
28 (76%) 31 (56%) 0.06
16 (43%) 20 (36%) 0.51
22 (59%) 28 (51%) 0.42
15 (42%) 32 (58%) 0.12
2.5  1.1 2.2  1.1 0.32
15 (41%) 16 (29%) 0.26
17 (46%) 18 (33%) 0.20
11 (30%) 19 (35%) 0.63
24 (65%) 27 (49%) 0.14
15 (41%) 26 (45%) 0.64
106.2  19.5 95.5  10.6 0.03
205.2  56.2 191.9  33.4 0.22
125.5  50.1 111.1  27.7 0.14
43.5  11.1 54.7  15.1 0.0002
183.3  123.3 131.2  85.3 0.04
4.93  4.34 4.84  6.03 0.95
3.32  2.02 2.97  2.58 0.58
17.2  12.2 10.6  8.2 0.008
0.62§
15 (41%) 29 (53%)
8 (22%) 11 (20%)
4 (11%) 3 (5%)
10 (27%) 12 (22%)
3 (8%) 1 (2%) 0.30¶
2 (5%) 2 (4%) 1.00¶
0 (0%) 2 (4%) 0.51¶
tests were acquired within 24 h of cardiovascular magnetic
iabetic patients only), 86 patients for lipids, and 78 patients
o all had relevant blood tests within 24 h of CMR. §The
groups in the distribution of patients according to indication
r exact test (two-tailed). #Minnesota codes 7-2-1 and 7-2-2.
es.
y disease; ECG  electrocardiogram; HDL  high-density
left bundle branch block; LDL  low-density lipoprotein;p
4
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Detection of Coronary Disease by Stress CMR April 18, 2006:1630–8entricular ectopy chronically. All 92 patients were consid-
red to have evaluable images and are included in the
nalysis.
Table 1 summarizes the patient characteristics. Forty-
ine percent were men; most had 1 CAD risk factor; and
able 2. Diagnostic Performance of the Interpretation
lgorithm According to the Severity of Coronary Stenosis
Sensitivity Specificity Accuracy
oronary Stenosis >70% or Left Main >50%
nterpretation algorithm 89% (33/37) 87% (48/55)* 88% (81/92)*
ndividual techniques
Perfusion (stress/rest) 84% (31/37) 58% (32/55) 68% (63/92)
Cine (rest) 49% (18/37) 73% (40/55) 63% (58/92)
DE-CMR 49% (18/37) 98% (54/55) 78% (72/92)
oronary Stenosis >60% or Left Main >50%
nterpretation algorithm 85% (33/39) 87% (46/53)† 86% (79/92)†
ndividual techniques
Perfusion (stress/rest) 85% (33/39) 60% (32/53) 71% (65/92)
Cine (rest) 49% (19/39) 74% (39/53) 63% (58/92)
DE-CMR 46% (18/39) 98% (52/53) 76% (70/92)
oronary Stenosis >50%
nterpretation algorithm 77% (34/44) 88% (42/48)† 83% (76/92)‡
ndividual techniques
Perfusion (stress/rest) 82% (36/44) 63% (30/48) 72% (66/92)
Cine (rest) 45% (20/44) 73% (35/48) 60% (55/92)
DE-CMR 41% (18/44) 98% (47/48) 71% (65/92)
p  0.0001 compared with perfusion imaging alone. †p  0.002 compared with
erfusion imaging alone. ‡p  0.03 compared with perfusion imaging alone.
CAD  coronary artery disease; CMR  cardiovascular magnetic resonance;
E  delayed enhancement.
igure 2. Patient examples. (Top row) Patient with a positive DE-CM
erfusion-CMR is negative. The interpretation algorithm (step a) classifie
ircumflex marginal artery. Cine-CMR demonstrated normal contractility
eversible defect in the anteroseptal wall on perfusion-CMR (arrow). Th
oronary angiography demonstrated a proximal 95% left anterior descentress-rest perfusion defect (arrows) but without evidence of prior MI on DE-C
s artifactual. Coronary angiography demonstrated normal coronary arteries. Abne-third had typical anginal chest pain. Only 40% had
ngiographically significant CAD, even though the majority
76%) had an abnormal nuclear, echo, or treadmill stress test
efore angiography. The mean LV ejection fraction was 56 
3% and was not significantly different between those with
nd without CAD (p  0.40).
omparison of CMR techniques for the detection of
AD. Table 2 summarizes the diagnostic value of the
nterpretation algorithm and the individual CMR tech-
iques for the detection of CAD. The interpretation algo-
ithm had a five-point increase in sensitivity compared with
erfusion-CMR alone (89% vs. 84%). The higher sensitivity
as the result of two patients in whom infarction was
bserved on DE-CMR even though stress-rest perfusion-
MR was normal. Images exemplifying this situation are
hown in Figure 2 (top row). More commonly, however,
tress perfusion imaging was more sensitive for CAD than
E-CMR or cine-CMR alone. Images from a typical
atient with a reversible perfusion defect are shown in
igure 2 (middle row).
The interpretation algorithm had markedly higher spec-
ficity than perfusion-CMR alone (87% vs. 58%, p 
.0001). The higher specificity was primarily the result of
hanging the diagnosis from positive to negative for CAD
n 13 patients in whom infarction was not observed on
E-CMR even though perfusion-CMR demonstrated
atched stress-rest perfusion defects (Fig. 2, bottom row).
n 12 of these patients (92%), the change in diagnosis was
orrect.
dy demonstrating an infarct in the inferolateral wall (arrow) although
patient as positive for CAD. Coronary angiography verified disease in a
ddle row) Patient with a negative DE-CMR study but with a prominent
rpretation algorithm (step c) classified this patient as positive for CAD.
coronary artery (LAD) stenosis. (Bottom row) Patient with a matchedR stu
d this
. (Mi
e inte
dingMR. The interpretation algorithm (step d) classified the perfusion defects
breviations as in Figure 1.
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April 18, 2006:1630–8 Detection of Coronary Disease by Stress CMRThe interpretation algorithm provided higher diagnostic
ccuracy than the individual CMR methods when significant
AD was redefined with different cutoff values (Table 2) when
nly patients with single-vessel (n  24) or multivessel
isease (n  13) were considered and when the analysis was
erformed on a “per coronary artery” rather than “per
atient” basis (Table 3). The accuracies for the RCA, LAD,
nd LCx perfusion territories were similar at 88%, 85%, and
0%, respectively.
The addition of cine imaging did not improve the
etection of CAD. The sensitivity, specificity, and accuracy
f the combination of cine plus perfusion-CMR were 89%,
9%, and 65% respectively, which were not significantly
ifferent from that of perfusion-CMR alone (p  0.26 for
ccuracy). Likewise, the addition of cine-CMR to the
nterpretation algorithm (sensitivity  86%, specificity 
9%, accuracy  88%) did not provide results that were
ignificantly different from that of the interpretation algo-
Table 3. Diagnostic Performance of the Interp
Location of Coronary Disease (Stenosis 70%
Sensitivity
Single Vessel Disease
Interpretation algorithm 83% (20/24)
Individual techniques
Perfusion (stress/rest) 83% (20/24)
Cine (rest) 38% (9/24)
DE-CMR 46% (11/24)
Multiple Vessel Disease
Interpretation algorithm 100% (13/13)
Individual techniques
Perfusion (stress/rest) 85% (11/13)
Cine (rest) 69% (9/13)
DE-CMR 54% (7/13)
Right Coronary Artery Disease
Interpretation algorithm 83% (10/12)
Individual techniques
Perfusion (stress/rest) 75% (9/12)
Cine (rest) 67% (8/12)
DE-CMR 58% (7/12)
Left Anterior Descending Artery Disease
Interpretation algorithm 81% (22/27)
Individual techniques
Perfusion (stress/rest) 74% (20/27)
Cine (rest) 48% (13/27)
DE-CMR 30% (8/27)
Left Circumflex Artery Disease
Interpretation algorithm 76% (13/17)
Individual techniques
Perfusion (stress/rest) 71% (12/17)
Cine (rest) 29% (5/17)
DE-CMR 35% (6/17)
*p 0.0001 compared with perfusion imaging alone. †p 0.
with perfusion imaging alone. §p  0.05 compared with pe
Abbreviations as in Table 2.ithm alone (p  1.00 for accuracy). iIn the last 15 patients that underwent parallel imaging,
he sensitivity, specificity, and accuracy of perfusion-CMR
ere similar to that in the first 77 patients (p  NS).
omparison of clinical with CMR predictors of CAD. Uni-
ariate analysis demonstrated that male gender, elevated
asting glucose, reduced high-density lipoprotein choles-
erol, elevated triglycerides, and increased Framingham
core were clinical predictors of significant CAD. Each
f the individual CMR methods and the interpretation
lgorithm were also predictors (cine-CMR, p  0.04;
E-CMR, p  0.0002; perfusion-CMR, p  0.0002;
nterpretation algorithm, p  0.0001). The interpretation
lgorithm was the strongest overall univariate predictor with
n odds ratio of 56.6 (95% confidence interval, 15.3 to
08.8). Multivariable analysis including the clinical param-
ters and the interpretation algorithm demonstrated that
he interpretation algorithm was the strongest independent
redictor with an odds ratio of 54.1 (95% confidence
ion Algorithm According to the Extent and
eft Main 50%)
Specificity Accuracy
87% (48/55)* 86% (68/79)†
58% (32/55) 66% (52/79)
73% (40/55) 62% (49/79)
98% (54/55) 82% (65/79)
87% (48/55)* 90% (61/68)*
58% (32/55) 63% (43/68)
73% (40/55) 72% (49/68)
98% (54/55) 90% (61/68)
88% (60/68)‡ 88% (70/80)‡
75% (51/68) 75% (60/80)
87% (59/68) 84% (67/80)
97% (66/68) 91% (73/80)
86% (56/65)§ 85% (78/92)‡
75% (49/65) 75% (69/92)
83% (54/65) 73% (67/92)
100% (65/65) 79% (73/92)
93% (70/75)† 90% (83/92)†
75% (56/75) 74% (68/92)
79% (59/75) 70% (64/92)
99% (74/75) 87% (80/92)
ompared with perfusion imaging alone. ‡p 0.01 compared
imaging alone.retat
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ith an odds ratio of 0.93 (p  0.01).
Because the sensitivity and specificity of a diagnostic test
epends on the choice of a cutoff point dichotomizing
ormal from abnormal, we performed ROC curve analysis
o provide a metric of diagnostic performance over the range
f cutoff points. For perfusion-CMR, the curve was derived
rom five sensitivity/specificity pairs obtained from defining
positive scan as a maximum perfusion score of at least “3,”
2,” or “1” (Methods) as well as the boundary conditions of
00% sensitivity and 100% specificity. For the interpretation
lgorithm, the curve was derived in a similar fashion,
lthough “matched” perfusion defects in the absence of
yperenhancement were rescored as “0” (normal) before the
ecision threshold was applied. Figure 3 demonstrates that
he area under-the-curve for the interpretation algorithm
as significantly higher than that for perfusion-CMR alone
0.94 vs. 0.84, p  0.01). The areas under-the-curve for
ine-CMR (0.62), DE-CMR (0.73), Framingham score
0.70), hsCRP (0.59), and Rose angina grade (0.65) were
lso lower.
ISCUSSION
he principal finding in this prospective study was that a
ew protocol that combines perfusion and DE-CMR using
simple interpretation algorithm could accurately diagnose
AD in a routine clinical setting. Our values for sensitivity
89%) and specificity (87%) were obtained in a cohort in
hom all patients had intermediate pretest probability of
bstructive CAD. We did not enroll patients with very high
robability (i.e., those with already known CAD before
MR) or with very low probability (i.e., angiographic
normals” or low-risk volunteers), because it is well estab-
igure 3. Diagnostic performance of clinical and CMR predictors of
bstructive CAD. Receiver-operating-characteristic curve analysis compar-
ng the interpretation algorithm with perfusion-CMR alone and with
linical parameters for the detection of CAD. The interpretation algorithm
rovided the highest diagnostic performance. CRP  C-reactive protein;
ther abbreviations as in Figure 1.ished that such pretest referral (“spectrum”) bias can inap- tropriately raise test sensitivity and/or specificity (12,13,17).
ikewise, we did not enroll patients with known prior
I, because inclusion of these patients in investigations
urporting to predict CAD is thought to be inappropriate
17). Moreover, our study was designed to avoid post-test
eferral (“work up”) bias—invasive coronary angiography
as performed in all patients independent of the CMR
esults—because post-test referral bias can significantly
ffect test sensitivity and specificity (2,12,13).
To place our findings in context, we note that the current
merican College of Cardiology/American Heart Associa-
ion/American Society for Nuclear Cardiology guidelines on
adionuclide imaging list 52 published studies on exercise or
asodilator SPECT imaging for detecting CAD (see tables
to 7 in reference 2). Of these, only 11 excluded patients
ith prior MI, 5 excluded patients with known history of
AD, and 3 corrected for post-test referral bias (2 addi-
ional studies involved planar imaging). As far as we are
ware, only two studies corrected for all three sources of
ias. Cecil et al. (17) found a corrected sensitivity and
pecificity of 82% and 59%, respectively, and Miller et al. (1)
ound a corrected sensitivity and specificity of 65% and 67%,
espectively. These results highlight two important points.
irst, the accuracy of stress-testing in the most appropriate
atient population—those with intermediate pretest prob-
bility and after correction for post-test referral bias—is
ikely to be lower than accepted values from literature
ummaries (2). Second, in comparison with these results,
he accuracy of the interpretation algorithm seems to
ndicate significant clinical utility.
Our study did not remove all potential sources of referral
ias, because patients were selected from those already
cheduled for invasive angiography. Because, for ethical
easons, it would be difficult to obtain angiographic verifi-
ation on the real population that needs to be studied (i.e.,
ll those presenting with suspected CAD, even those with
ery low pretest likelihood), the primary concern is that we
ight have selected a “sicker” cohort with higher prevalence
r severity of disease. In our study, however, the prevalence
f CAD was only 40%, and the majority had single-vessel
ather than multi-vessel disease. This was despite the fact
hat 76% of patients had an abnormal clinical stress-test
nuclear, echo, or treadmill electrocardiography) before
tudy enrollment. Although the prevalence of CAD could
e considered unusually low, we note that previous studies
hat excluded patients with prior MI and established CAD
ave observed similar rates. Cecil et al. (17) found the
revalence of obstructive CAD was 36%. Likewise, Morise
nd Duval (25), in a study of patients undergoing coronary
ngiography for the first time, found a prevalence of 38%.
ndeed, the low prevalence of CAD in our cohort empha-
izes the need for an accurate, noninvasive test to rule out
ignificant disease before invasive angiography.
Practical advantages of stress perfusion CMR include the
ack of ionizing radiation, a shortened examination time (30
o 45 min), and a good safety and tolerability profile. Unlike
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nfused for 6 min (tracer injection at 3 min), we used an
bbreviated protocol with an average infusion duration of
.9 min (gadolinium injected after a 2-min stage in which
he patient is observed outside the bore), because waiting for
racer uptake is not necessary. Although severe reactions to
denosine are rare, a shortened protocol is relevant, because
oderate reactions that affect patient tolerability are relatively
ommonplace (26). A minimum 2-min infusion duration
as chosen on the basis of physiological studies in humans
emonstrating that maximum coronary blood flow is
eached, on average, 1 min after the start of intravenous
denosine infusion and in nearly everyone by 2 min (27,28).
The results of perfusion-CMR alone demonstrated an
dequate sensitivity (84%) but a relatively poor specificity
58%) for the detection of CAD. These results are consis-
ent with previous reports. Nagel et al. (8), with a gadolin-
um dose of 0.025 mmol/kg, found that visual assessment
ad a sensitivity of 74% and specificity of 58% for the
etection of CAD. Although the modest sensitivity could
e blamed on the low gadolinium dose, the poor specificity
as problematic, given that it was unlikely to improve with
igher gadolinium doses. Not surprisingly, the same group,
ith a higher dose of gadolinium (0.05 mmol/kg), more
ecently reported an improved sensitivity (91%) but un-
hanged specificity (62%) (29). These results underscore the
alue of incorporating DE-CMR, with its exceptionally
igh specificity (98%), into the stress CMR examination.
Although some other studies have reported higher spec-
ficity for perfusion-CMR alone, it is important to recognize
hat the results of these studies are not directly comparable
ith the current study. For instance, most studies did not
est the feasibility of perfusion-CMR for everyday clinical
se, in that they required central venous catheters (5,6),
maged only one to two slices per heart beat (6), excluded
atients with hypertension or diabetes (8), included patients
ith known CAD or prior MI (8,9,29), or required exten-
ive post-processing after data collection (5–8). Moreover,
n some studies after the data were collected, several
ethods of analysis were tested and different decision
hresholds for test abnormality were appraised (7,8). For
hese studies, the reported sensitivity and specificity values
re optimistic, because the end points were chosen retro-
pectively.
It is likely that many CMR practitioners already perform
multi-component examination, including cine and
elayed-enhancement imaging, for the assessment of CAD;
owever, there are few data regarding the advantages or
isadvantages of different approaches to performing the
xamination or the analysis. For instance, there is debate
hether the rest-perfusion component is necessary (30), and
ome authors advocate a stress-only approach because it
hortens both examination and analysis time (31). Likewise,
ith a multi-component examination, there are many pos-
ible combinations of individual test results, and currently
here are no data on how to deal with discordant findings.e believe the present study is the first to address these
ypes of issues. For example, our results indicate that
est-perfusion is an important component, because in com-
ination with DE-CMR, it can help distinguish true defects
rom artifact on the stress-perfusion images. Furthermore,
ur results indicate that an abnormal cine component alone
without perfusion or delayed-enhancement defects) is
ikely negative for CAD, whereas an abnormal delayed-
nhancement component alone is likely positive.
The current study is limited in that we did not compare
MR with established perfusion techniques such as
PECT. This issue is relevant because X-ray angiography is
ot necessarily a perfect gold standard, and a true physio-
ogic decrease in blood flow might be seen in the absence of
oronary lesions (2). In the current study, however, patients
ithout CAD but with risk of microvascular disease, such as
hose with angina, diabetes, or hypertension, were no more
ikely to have perfusion-CMR defects than those without
hese risk factors (p  0.31, p  0.92, and p  0.60,
espectively), suggesting that this issue did not play a major
ole. Moreover, despite its limitations, coronary angiogra-
hy remains the final arbitrator for the diagnosis of CAD in
linical practice today; and, given the established nature of
adionuclide imaging in the clinical armamentarium, we
elieved that it would not have been possible to perform
uch a study free of post-test referral bias—for ethical
easons it would have been difficult to refer patients with
ormal radionuclide examinations to undergo invasive an-
iography. Therefore, in the present study, we attempted to
rovide clinical context by obtaining a comprehensive eval-
ation in each patient, including chest pain questionnaire,
lood tests for lipids and hsCRP, and calculation of Fra-
ingham risk. It is well recognized that clinical indexes
uch as these have predictive value for CAD (15), and our
oal was to determine whether the interpretation algorithm
ignificantly adds to the information provided by these
eadily available tests. The finding that the interpretation
lgorithm has independent predictive value for CAD with a
redictive power that far exceeds that of the other param-
ters, we believe, provides strong evidence of the added
linical value of this technique.
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